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Contrast sensitivity functions (CSFs) of 25 infants were measured longitudinally at 4, 6 and 8 months 
of age using a preferentiaMooking method and the method of constant stimuli. Sine-wave gratings varied 
from 0.27 to 4.32 c/deg, contained eight unattenuated cycles (with edges tapered to uniform gray), and 
rose to the desired contrast in 2 sec. (1) The average CSF was described on log-log coordinates by a 
band-pass function. With development i increased in overall sensitivity to contrast, shifted its peak 
toward slightly Ifigher spatial frequencies, and increased its high frequency cutoff. (2) Log sensitivity 
at the CSF peak was slightly higher for female than male infants at 6 months, consistent with the 
hypothesis that vernier acuity (which also may differ between the sexes at this age) is partly mediated 
by analyzers tuned to low frequencies. (3) Within age groups the individual differences were such that 
log sensitivities for neighboring spatial frequencies generally correlated more highly than distant 
frequencies. With development the correlations among distant frequencies below 1.0 c/deg increased. 
Monte Carlo simulations of a model that shifts spatial analyzers to higher frequencies with age 
reproduced them,' results but simulations of adultlike, unshifting analyzers did not. (4) Measures taken 
2 months apart tended to correlate more highly than those taken 4 months apart, though some individual 
differences in the CSF peak remained stable over 4 months. 
Contrast sensitivity Factor analysis Individual differences Infant vision Spatial frequency 
Visual development 
A set of contrast sensitivity functions (CSFs) containing 
log sensitivities for n spatial frequencies, each recorded 
for s individuals, provides two independent types of 
information about visual detection. Vision scientists most 
often derive one type, representative functions, for 
individual or group data by graphing contrast sensitivity 
or mean contrast sensitivity as a function of spatial 
frequency. The representative CSF is often shaped like a 
band-pass filter. Vision :scientists usually do not use the 
second type of information, which describes how 
individual differences obtained for one variable relate to 
individual differences obtained for other variables. They 
could, for example, examine the n x n correlation matrix 
to examine whether the s log contrast sensitivity values at 
one spatial frequency correlate significantly with the s 
values at any of the other spatial frequencies. The 
correlations represent individual differences; high corre- 
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lations result when individual differences are stable 
between variables (e.g. individuals who provide relatively 
high or low sensitivity values at one spatial frequency 
would do the same at another frequency). Because it is 
impossible to derive correlations from group means, or 
means from correlations, representative functions and 
individual differences are independent sources of 
information. 
Figure 1 shows one possible model of contrast 
sensitivity that encompasses both representative func- 
tions and individual differences, and shows how 
individual differences could provide clues about under- 
lying pattern analyzers. One assumption of the model is 
that the visual system of any human observer contains 
multiple analyzers that detect narrow ranges of spatial 
frequency, and is consistent with considerable psycho- 
physical and physiological evidence (Wilson, Levi, 
Maffei, Rovamo & De Valois, 1990). The upper left panel 
shows the sensitivities of two hypothetical nalyzers that 
could exist in an observer. For the purposes of 
illustration, the model contains only two analyzers. This 
observer's first analyzer (dashed line) is more sensitive 
than the second (solid line). A second assumption of the 
model is that analyzers combine to determine the contrast 
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FIGURE 1. One possible model of CSFs that encompasses both representative functions and individual differences. Individual 
variariability in pattern analyzers determines individual variability infive hypothetical CSFs. The model is shown for purposes 
of illustration only. See text for details. 
sensitivity function, as shown in the upper-right panel. 
The first analyzer determines the CSF in the upper-right 
panel at low spatial frequencies (dashed line) and the 
second etermines sensitivity at higher spatial frequencies 
(solid line). For the purposes of illustration, the CSF is 
free of measurement error and a winner-take-all 
summation rule has been applied. Note, however, that the 
validity of the individual differences approach is not 
restricted by the summation metric used in Fig. 1; it 
applies to a wide range of metrics for combining 
analyzers. A third assumption of the model is that the 
peak sensitivity of each analyzer is normally distributed 
across observers, independent of other analyzers. The 
lower-right panel shows the two analyzers in the 
upper-right panel (dashed and solid lines), each at five 
different sensitivity levels. The observer in the upper-left 
panel has a first analyzer of very high sensitivity and a 
second of average sensitivity, given the selection available 
in the lower-left panel. 
If the three assumptions described above are correct, 
then an examination ofindividual differences inCSFs will 
reveal systematic variability. The principle is illustrated in 
the lower-right panel of Fig. 1, which shows CSFs for five 
hypothetical observers. Each of the five observers has the 
same two analyzers but the sensitivities vary among 
observers. Each CSF combines the sensitivities of the two 
analyzers, with the level of sensitivity for each analyzer 
determined randomly and independently of other 
observers or the other analyzer. The key point is that an 
observer who has a particular contrast sensitivity at a 
particular frequency retains his or her rank across the 
range of spatial frequencies that an analyzer controls; 
contrast sensitivities at one spatial frequency correlate (in 
the n x n correlation matrix) with those at nearby but not 
distant spatial frequencies. For instance, the five contrast 
sensitivities at spatial frequency a correlate with the five 
sensitivities at spatial frequency b because one analyzer 
(dashed line) determines ensitivity at both spatial 
frequencies. Likewise, sensitivities at spatial frequencies d 
and e (solid arrows) are correlated because the second 
analyzer (solid line) controls both frequencies. Contrast 
sensitivities for spatial frequency a or b (open arrows) do 
not correlate with scores at d or e (solid arrows) that are 
controlled by the other analyzer. Spatial frequency c (gray 
arrow) is in the region that separates the two analyzers. 
It correlates weakly with nearby spatial frequencies 
because ach analyzer determines some but not all of the 
five sensitivities. 
The simple model in Fig. 1 is intended to show that 
systematic variability due to individual differences can in 
principle provide clues about underlying analyzers. If the 
model in Fig. 1 is correct, then individual differences in 
empirical data will be consistent with the variability in the 
hypothetical CSFs in the lower-right panel, provided that 
it allows for measurement errors (variability in empirical 
data will reflect the combination of real, systematic 
variance that causes ignificant correlations accross ome 
spatial frequencies, and random error variance that by its 
nature weakens correlations between variables). More 
generally, if one is willing to assume that individual 
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variation in underlying analyzers contributes to 
individual variation in empirical CSFs, one can use 
individual differences to test any model of underlying 
analyzers. 
The study of individual differences, though rare in 
vision research, has a rich history. It is often of value in 
understanding underlying processes to examine represen- 
tative functions and individual differences within the 
same study (Case & Edelstein, 1993; Colombo & Fagen, 
1990; Cronbach, 1957; (;ale & Eysenck, 1992; MacLeod 
& Webster, 1988; McCall, 1990; Sekuler, Wilson & 
Owsley, 1984). If one type of information allows 
conclusions to be made that are consistent with 
conclusions reached by studying the other, then the 
converging evidence may provide a powerful confir- 
mation of an existing model. 
The present experiment examines representative 
developmental functions and patterns of individual 
differences within a single study. The CSFs of 25 human 
infants were measured longitudinally at 4, 6 and 8 months 
of age post partum. To measure infants' CSFs, a standard 
two-alternative forced-choice preferential-looking (FPL) 
procedure was used (Teller, 1979). Our analysis of 
individual differences was guided by previous analyses of 
individual differences in visual data (Peterzell, 1993; 
Peterzell, Werner & Kaplan, 1991, 1993; Sekuler et al., 
1984; Webster & MacLeod, 1988). This study is intended 
to answer four questions. The first two address 
representative functions and the second two address 
individual differences. 
1. What are the mean, or representative, CSFs of 4-, 6- 
and 8-month-oM human infants? Although the group- 
averaged CSF continues to develop up to about 5 yr in 
human children (Bradley & Freeman, 1982), there are no 
published behavioral data on CSF development between 
the ages of 3 months and 2.5 yr with the exception of data 
from two infants and our earlier study of 40 4-month-olds 
(Atkinson & Braddick, 1989; Harris, Atkinson & 
Braddick, 1976; Peterzell et al., 1993). This may be an 
important gap; physiological measures of contrast 
sensitivity [visual evoked potentials (VEPs)] indicate that 
the most dramatic hanges occur within the first 9 months 
after birth (Norcia, Tyler & Hamer, 1990). VEP studies 
report contrast sensitivity at low frequencies to be near 
adult levels in 6- to 9-month-old infants, whereas 
sensitivity to higher frequencies i still immature within 
that age range. 
Group-averaged CSFs are often used as representative 
CSFs for various age groups. One may wonder whether 
group averaging misrepresents data in any way. Movshon 
and Kiorpes (1988) have shown that group-averaged 
functions of infants may show low-pass tuning when in 
fact individuals within the sample demonstrate band-pass 
tuning. They have developed a measure of central 
tendency called "the CSF of the average individual" that 
avoids some of the pitfalls of the group-averaged CSF. 
We report here the group-averaged CSF and the CSF of 
the average individual. 
2. Are there sex differences inthe development of contrast 
sensitivity? Female infants may tend to have higher 
vernier acuity than males for a brief period between 3 and 
6 months of age; gender differences have not been found 
in the high-frequency cutoff (Gwiazda, Bauer & Held, 
1989; Held, 1989). Skoczenski and Aslin (1992) and 
Skoczenski (personal communication) do not find sex 
differences invernier acuity. Although our recent study of 
4-month-olds (Peterzell et al., 1993) did not reveal sex 
differences in CSFs, sex differences incontrast sensitivity 
may exist at 6 or 8 months of age. 
Some researchers suggest hat the multiple spatial 
analyzers that underlie CSFs also combine to determine 
vernier acuity in both adults and infants (Geisler, 1984; 
Wilson, 1986, 1988). Others hypothesize that some of the 
analyzers that control vernier acuity are different from 
those that control the high-frequency cutoff in adults 
and infants (Held, 1989; Gwiazda et al., 1989b; 
Westheimer, 1979). If the spatially tuned analyzers that 
underlie the CSF also underlie vernier acuity, then sex 
differences in vernier acuity may reflect sex differences in
the sensitivity of these underlying spatial analyzers; sex 
differences hould be revealed in the CSFs of 4- and 
6-month-olds. If some other unspecified process 
underlies vernier acuity (e.g. the one that controls 
grating acuity), then there is no reason to expect sex 
differences in the CSFs. 
3. How do infants within an age group differ? Within 
n x n correlation matrices, the log contrast sensitivities for 
variables close in spatial frequency correlate more highly 
than those that are farther apart (Billock & Harding, 
1991, 1992; Owsley, Sekuler & Siemsen, 1983; Owsley, 
Sloane, Skalka & Jackson, 1990; Peterzell et al., 1991, 
1993). These correlations resemble the effects of masking, 
adaptation and subthreshold summation i  that they are 
selective. As such, the results may be caused by underlying 
spatial analyzers that detect narrow ranges of spatial 
frequency (e.g. see Fig. 1). 
Peterzell et al. (1993) analyzed selective correlations 
within the data of 1-, 2- and 3-month-old infants (Banks 
& Salapatek, 1981) as well as their own data from 
4-month-old infants. They used the Monte Carlo 
procedure of Sekuler et al. (1984) to simulate CSFs and 
to generate predictions for "shifting" and "unshifting" 
models of spatial analyzers. To create one hypothetical 
data set they simulated a model in which filters shift their 
tuning to higher spatial frequencies with age (Wilson, 
1988). They also used a model of adult spatial analyzers 
(Wilson & Gelb, 1984) to create and simulate a 
developmental model in which frequency tuning did not 
shift with age. Both models (shifting and unshifting) 
incorporated the three assumptions that are illustrated in 
Fig. 1. They consisted of six band-pass filters, each tuned 
to narrow ranges of spatial frequency. For each model the 
simulation procedure first caused the peak contrast 
sensitivities of each of the six filters to vary randomly and 
independently among simulated individuals. Then, for 
each simulated individual, it combined the six filters of 
variable sensitivity to create a simulated CSF. 
The two models provided differing predictions about 
patterns of individual differences in infants. The 
reasoning went as follows: adaptation and masking 
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studies indicate that the lowest spatial frequency showing 
a symmetric tuning curve (sometimes called the "lowest 
adaptable channel") isnear 1 c/deg in the adult; below 1 
c/deg the peak of the tuning curve is skewed toward higher 
frequencies than the frequency of the masking rating 
(Greenlee, Magnussen & Nordby, 1988; Tolhurst, 1973). 
This result implies that one analyzer only detects patterns 
below 1 c/deg in the adult. It follows that if spatial 
analyzers remain stationary (and in this sense adultlike) 
during development, then equicorrelational structure-- 
uniformly high and positive correlations--should be
obtained below 1 c/deg from CSFs of both adults and 
infants. If they shift during development from low to high 
frequencies, then such equicorrelational structure below 
1 c/deg should not be obtained from infants. 
In fact, Peterzell et al. did not find equicorrelational 
structure in the data of 1-, 2-, 3- or 4-month-old infants. 
Within any age group, variables close in spatial frequency 
correlated more highly than those that were farther apart. 
The results were therefore consistent with Wilson's (1988) 
shifting model but not with a model of unshifting 
analyzers. 
Although we tentatively concluded that our data were 
more consistent with shifting than unshifting analyzers, 
we offered a number of caveats concerning our 
conclusions. We noted that studies of sensitivity below 1 
c/deg have not yet been performed on adults to determine 
whether equicorrelational structure xists below 1 c/deg. 
We assumed that adults' CSFs contain only one source of 
variability below 1 c/deg because the lowest adaptable 
foveal channel occurs at about 1 c/deg, as discussed 
previously. One rationale for the present study is to 
address this issue. 
Although we have not measured the CSFs of adults 
in the present study, it follows from the shifting 
analyzer explanation that the lowest adaptable channel 
should shift to progressively higher spatial frequencies 
during development. From this it follows that there 
should be predictable changes in correlational structure 
with age in the present longitudinal study. We would 
expect to replicate our earlier results from 4-month- 
olds; variables close in spatial frequency should 
correlate more highly than those farther apart. In 
6-month-olds, variables above about 0.75 c/deg should 
have the aforementioned correlational structure but 
variables below 0.75 c/deg should be equally and highly 
correlated. In 8-month-olds this value would be 
expected to shift even closer to 1 c/deg (i.e. closer to the 
value assumed for adults). More precise predictions of 
correlational structure are reported in the section on 
Monte Carlo simulations. 
4. How stable are individual differences across age 
groups? The study of stability across age groups is rare 
in the study of visual development. One study 
involving spatial vision examined whether individual 
differences in infants are correlated with vision in later 
life; meridional amblyopia in adults correlates with the 
existence of astigmatism in early childhood (Gwiazda, 
Bauer, Thorn & Held, 1986). Published contrast 
sensitivity data from infants are not based on large 
enough samples to determine if an infant's relatively high 
or low performance atany age is related to performance 
at other ages. 
EXPERIMENTAL METHODS 
Subjects 
Twenty-five healthy, full-term infants (15 male, 10 
female infants) participated at 4 months (16 weeks___ 10 
days), 6 months (24 weeks_ 15 days) and 8 months of age 
(32 weeks + 20 days). They were recruited by letter and 
telephone through newspaper birth notices. For any 
infant, the time between the first and last session of testing 
did not exceed 14 days (at 4 months), 16 days (at 6 
months) or 21 days (at 8 months). Fifteen additional 
infants (5 males, 10 females) completed testing at 4 
months of age but were not available for the required 
number of sessions at 6 and 8 months of age. 
Apparatus, stimuli and procedure 
This section presents the main features of our 
apparatus, timuli and two-alternative, spatial, forced- 
choice, preferential-looking (FPL) procedure; other 
details have been described elsewhere (Peterzell, 1992; 
Peterzell et al., 1993). Stimuli were presented on two 
19-in. video screens in an otherwise dark room. A fiat 
black panel in front of the screens hid all other equipment 
from infants' view except for an attention-getting rattle 
and the lens of a video camera between the screens. The 
rattle was suspended from the top of the panel and was 
controlled by an adult observer. The camera nd both 
screens' centers were at identical viewing distances. At 
45 cm the visible part of each screen subtended 37.9 × 26.2 
deg and inner edges were 14.9 deg from the camera. The 
screens were part of a Spectrum video system (SuperMac 
Technology) that consisted of two high resolution 19-in. 
SuperMac Gray Scale monitors and two Spectrum video 
cards installed in an Apple Macintosh II computer. The 
video camera was connected to two additional monitors 
and enabled experimenters to independently observe 
infants. 
Test patterns were vertical sine-wave gratings that 
varied from 0.27 to 4.32 c/deg and contained 8 
unattenuated cycles (with edges tapered using a circular 
Gaussian vignette to a uniform gray of 25___ 1 cd/m2). 
Grating contrast, C, was defined by relating maximum 
(Lm~x) to minimum (Lmin) luminance; C=(Lrnax--Zmin)/ 
(Lma~ +L~n). The apparatus was calibrated once every 2-4 
weeks using a Minolta photometer and a silicon 
photodiode (United Detector Technology) with photo- 
metric filter. Calibrations were traceable to the National 
Institute of Standards and Technology (U.S.A.). 
Infants at in the dark room during testing, 45 cm from 
the screens. The primary adult observer waited for the 
infant o look toward the rattle and then pressed abutton 
to start a trial. One screen, chosen randomly, remained 
gray (25 __+ 1 cd/m 2) but a pattern appeared on the opposite 
screen and was accompanied by a loud "boing" 
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noise. The center of the pattern appeared 29.0 deg (25 cm) 
from the center of the panel. It was ramped up to the 
desired contrast within 2 sec and remained until the adult 
viewer(s) judged its location based on the infant's 
behavior. Adults observed an infant's behavior at least 
until it examined both screens or showed unequivocal 
interest in one of the two sides (see Swanson & Birch, 
1990). A stimulus presentation was terminated once all 
observers present responded, Feedback was provided to 
observer(s) for correct responses. 
The first author was always the primary observer and 
a second independent observer (one of four assistants) 
attended about 20% of the sessions (to test for 
interobserver reliability). Observers agreed on 93% of 
these trials. At the beginning of the study all had between 
20 and 250 hr of experience observing infants with the 
FPL technique. 
Contrast hresholds were measured for five vertical 
spatial frequencies of0.27, 0.38, 0.54, 0.76 and 1.08 c/deg 
at 4 months of age. Additional frequencies were added at 
6 months (1.54 and 2.16 c/deg) and 8 months (3.08 and 
4.32 c/deg) of age. Additional frequencies were sometimes 
added at 4 and 6 months if after either the first or second 
session of testing an infant appeared to be especially 
sensitive to the highest test frequency included in the set. 
Between five and nine: visits to the lab within a 14 day 
period were required to obtain a complete CSF. Each visit 
lasted 2 hr or less including breaks for feeding, changing 
diapers and play. It included 0-9 blocks of trials; tests 
were delayed or ceased when an infant became 
uncooperative. All 5-9 spatial frequencies appeared 
within a single block, each at five different contrasts along 
with 5-15 pictures of a high-contrast picture of a cat's 
face. Patterns appeared in random order, thereby 
intermixing easy trials (interesting, high contrast) with 
hard ones (relatively ow contrast). The five contrast levels 
for any test frequency included the mean threshold (log 
contrast) of all previously tested infants along with log 
contrasts of _ 1 and -I- 2 SD from the mean. At the highest 
frequency for an age group it became necessary touse the 
highest log contrast value possible (-0.045) rather than 
the value for + 2 SD. Contrast levels for the first five 
infants were based on results of earlier studies of other 
infants, using the same apparatus (Peterzell, 1992; 
Peterzell et al., 1993). Standard eviations were originally 
assumed to be 0.25 log units. 
Threshold contrasts were determined by fitting a 
logistic equation to each psychometric function using a 
maximum likelihood procedure (Harvey, 1986). First, 
for each of the 5-9 spatial frequencies the data from all 
sessions for an infant were pooled so that each threshold 
for each infant was based on 50-120 trials. Then, to fit 
the equation to each of the 5-9 frequencies, the upper 
asymptotes were set not to 100% but rather to the 
percentage ofcorrect responses to the picture of the cat. 
Threshold contrast ,,as recorded as the stimulus 
intensity at which the slope of the function was maximal 
(i.e. the point on the curve that was halfway between 
chance and the percentage at the upper asymptote, a 
point at or just below 75% correct). For each threshold 
reported the upper plus lower confidence interval (at 
95%) did not exceed 0.5 log units. Infants were excluded 
from the data set if the percentage of correct responses 
to the cat was not above 95%, in consideration of the 
finding of Swanson and Birch (1992) that further 
extraneous noise (inattention) prevents reliable 
threshold estimation. 
The following were estimated for each individual at 
each age: the peak of the CSF in c/deg, the log contrast 
sensitivity at the peak, and the high spatial frequency 
cutoff in c/deg. To determine these values, nonlinear 
regression was used to fit each set of points at each age 
with the following double exponential equation that is 
known to provide good fits to CSFs (Boothe, Kiorpes, 
Williams & Teller, 1988; Movshon & Kiorpes, 1988): 
R(to) = k,(o~k~yexp( - fl~oko~) (1) 
where ~o is spatial frequency. The four free parameters 
reflect primarily the slopes of the low-frequency (ct) and 
high-frequency (fl)parts of the curve, lateral shifts along 
the frequency axis (k~), and vertical shifts along the 
sensitivity axis (k,). In some cases the peak spatial 
frequency could not be estimated because it apparently 
fell below 0.27 c/deg. In these cases the estimated values 
of the peak below 0.21 c/deg were set to 0.21. The 
high-frequency utoff was extrapolated from measured 
points by finding the spatial frequency at which contrast 
sensitivity is equal to 1.0. 
RESULTS 
In all tests of statistical significance a criterion of 
P<0.05 was used. Any correlations above /r(1,23)/ 
=0.396 reported here were statistically significant. 
Standard eviations are shown in figures that follow in 
order to give reader a sense of the distributions, not to 
assess tatistical significance. For s = 25 infants, SEMs are 
one-fifth the size of the SDs. 
Individual data 
Figure 2 shows contrast sensitivity as a function of 
spatial frequency for eight infants, whose data provide a 
representative sample of the larger set of 25 infants. Each 
panel shows data for a given individual at 4, 6, and 8 
months of age, along with best-fitting curves, using 
equation (1), for each of the three ages. For most 
individuals, overall sensitivity to contrast as well as the 
high-frequency utoff increased with age. As observed in 
other studies of infant contrast sensitivity, there was a 
great deal of variability in the data. In particular, (a) some 
individuals' functions were low-pass, while others were 
band-pass inshape, (b) some sets of data matched closely 
the best-fitting curves, while other sets of data did not 
closely follow the best-fitting curves, and (c) there was 
variability within and across ages in contrast sensitivity, 
high-frequency utoffs, etc. 
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FIGURE 2. Log contrast sensitivity plotted as a function of spatial frequency for eight infants whose data provide arepresentative 
sample of the larger set of 25 infants. In each panel, data for a particular infant are shown for ages 4 (A), 6 (©) and 8 months 
(rq). Curves are fit to points at each age using equation (1). For each datum, the upper plus lower confidence interval (at 95%) 
did not exceed 0.5 log units. Subjects are identified by initials and by sex (m or f)  
Means by age and sex 
Log contrast sensitivities. Figure 3(a) shows mean log 
contrast sensitivities as a function of spatial frequency for 
4-, 6- and 8-month-olds. Figure 3(b,c,d) replots these 
points along with SDs for each spatial frequency at each 
age. The solid curves were fit to the mean points using 
equation (1). The dashed curves how, for each age, "the 
CSF of the average individual", an alternative measure of 
central tendency suggested by Movshon and Kiorpes 
(1988). These curves were obtained using an iterative 
minimization procedure that simultaneously provided 
a best-fitting function for equation (1) by globally 
optimizing parameters ~and/~ across all the data sets 
for a given age group, and the appropriate individual 
offset for each data set, by finding optimal values 
for k,, and k,. The parameters obtained are presented 
in Table 1. An examination of Fig. 3 reveals 
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that (i) with development the group-averaged function 
increased inoverall sensitivity o contrast, shifted its peak 
toward slightly higher spatial frequencies, and increased 
Fit to means 
its high frequency cutoff; (ii) the CSF of the average 4 
individual at each of the: three ages is nearly identical to 6 
the corresponding group-averaged CSF, and (iii) the 8 
TABLE 1. Parameters for curves in Fig. 3 [equation (1)] 
Age (months) k, k~, fl ct 
13.168 1.764 0.894 0.434 
35.608 1.832 0.890 0.752 
69.483 1.503 0.845 0.533 
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FIGURE 3. (a) Mean log contrast sensitivity from 25 infants plotted as 
a function of spatial frequency at ages 4 (A), 6 (O) and 8 months (l l). 
Solid curves are fit to mean values at each age using equation (1). (b,c,d) 
Means and curves are replotted from (a) with SD bars. Dashed curves 
represent CSFs of the average individual for each age, based on the 
procedure of Movshon and Kiorpes (1988) 
CSFof theaverage  mdividual 
4 22.098 2.429 1.027 0.923 
6 45.209 1.679 0.938 0.667 
8 67.148 2.620 0.575 0.696 
shape of the CSF does not change noticeably from 4 to 
8 months, but is translated up (in log contrast sensitivity) 
and to the right (in log spatial frequency). 
Our application of the "CSF of the average individual" 
approach to curve fitting (Movshon & Kiorpes, 1988) is 
limited in the present paper to the three dashed curves in 
Fig. 3. We used the approach because the group-averaged 
function can misrepresent the CSF's true shape. Figure 3 
shows that the three CSFs of the average individual are 
nearly identical to the group-averaged functions--group 
averaging does not misrepresent our data any more or less 
than the CSF of the average individual. We could have 
shown in Fig. 2 the fixed-template curve fits that were 
obtained using this procedure and then based our ensuing 
analyses of variance (described below) on the parameters 
from these fits. Had we done so, the shape of the curve fit 
for each individual at each age in Fig. 2 would match the 
shape of the dashed curve for that age in Fig. 3, but would 
shift along the two axes to optimally fit the template to 
the individual's CSF. Imposing afixed-template shape on 
the individual data from the present study seemed 
inappropriate to us because some individual CSFs 
deviated systematically from the template shape. For 
instance, the data for subject CS reveal a CSF that is a 
little more broadly tuned than the CSF of the average 
individual at 6 and 8 months of age. As such, the 
template-based fitsmight eliminate real variability in the 
data in addition to error variance, and did not use 
template-based fits in our analyses of curve fit parameters. 
Figure 4(a) shows mean log contrast sensitivities and 
curve fits to the means for male (open symbols) and female 
(solid symbols) infants (the curve fits from the Fig. 3(a) 
are included for comparison). Figure 4(a) shows that 
group-averaged CSFs developed about equally in female 
and male infants but that at 6 months, female infants 
showed slightly higher sensitivity at all seven frequen- 
cies--a statistically reliable difference, as discussed below. 
Figure 4(b) replots these points, along with SDs and best 
fitting curves, using equation (1). 
To verify statistically what can be seen in Figs 3 and 4, 
an analysis of variance (ANOVA) was performed using 
a contrast coding method for mixed, unbalanced designs 
(Judd & McClelland, 1989). This method was appropriate 
because the analysis was based on an unbalanced 
between-subjects variable (i.e. fewer female than male 
infants) and on repeated measures obtained from each 
infant. The full set of log contrast sensitivities forms an 
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incomplete factorial design because all nine spatial 
frequencies were not used at all three ages. To test the 
effects of the experimental variables, only the log 
sensitivity data obtained for the five lowest frequencies 
were included. This analysis was a 2 × 3 x 5 mixed design 
(Sex x Age x Spatial Frequency), with age and spatial 
frequency as repeated measures. There was an overall 
increase in log sensitivity with age; the main effect of age 
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was significant, F(2,46)= 197.6. There were significant 
differences in sensitivity as a function of spatial frequency; 
the main effect of spatial frequency was significant, 
F(4,92)=6.4. High frequencies increased in sensitivity 
with age more rapidly than low ones; the interaction 
between age and spatial frequency was significant, 
F(8,184)=2.5. Female infants were significantly more 
sensitive than male infants at 6 months but not 4 or 8 
months; the interaction between age and sex was 
significant, F(2,46) = 3.76. 
Means of values obtained from curve fits to individual 
data. Figure 5(a,b) show,; the means of values taken from 
curve fits to the CSFs of individuals, including the log 
contrast sensitivity at the peak of the CSF, log spatial 
frequency of the peak, and log spatial frequency of the 
high-frequency utoff. The results in Fig. 5 are consistent 
with what can be seen in Fig. 3 (and the analysis of log 
contrast sensitivities x spatial frequency)~with develop- 
ment the CSF increased in overall sensitivity to contrast, 
shifted its peak toward slightly higher spatial frequencies, 
and increased its high frequency cutoff. Figure 5(c) shows 
that estimates of the cutoff were close to (though slightly 
lower than) others' behavioral measures of grating acuity. 
Figure 6(a)shows that the mean log sensitivity at the CSF 
peak (from individual curve fits) was higher for female 
than male infants at 6 months. Sex differences were not 
found in either the mean log spatial frequency of the peak 
of the CSF or in the high frequency cutoff (both in log 
c/deg). 
To verify statistically what can be seen in Figs 5 and 6, 
three separate analyses of variance (ANOVAs) were 
performed using a contrast coding method for mixed, 
unbalanced designs (Judd & McClelland, 1989). The first 
ANOVA examined the effects of sex and age on the log 
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sensitivities estimated from the peaks of CSFs. This 
analysis was a 2 x 3 mixed design (Sex x Age) with age as 
a repeated measure. There was an overall increase in log 
sensitivity with age; the main effect of age was significant, 
F(2,46)= 100.8. Female infants had higher sensitivity 
at the peak than male infants at 6 months but not 4 
or 8 months, as confirmed by a univariate comparison, 
F(1, 23)-- 6.06. 
The second ANOVA examined the effects of sex and 
age on the peaks of CSFs, in log c/deg. This analysis was 
a 2 × 3 mixed design (Sex x Age) with age as a repeated 
measure. There was an overall increase in peak frequency 
with age; the main effect of age was significant, 
F(2,46) = 9.5, though the main effect of sex was not. 
The third ANOVA examined the effects of sex and age 
on the high frequency cutoff, in log c/deg. This analysis 
was a 2 x 3 mixed design (Sex x Age) with age as a 
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repeated measure. There was an overall increase in the 
cutoff with age; the main effect of age was significant, 
F(2,46) = 88.9, though the main effect of sex was not. 
Individual differences within age groups 
Substantial individual differences in CSFs existed 
among infants even when they were matched for age and 
sex, as revealed by the individual functions in Fig. 2 and 
by the SDs in Figs 3-6. Whereas the group-averaged CSFs 
in Figs 3 and 4 are smooth in shape, many of the 
individual functions were not. Because the individual 
functions were based on large numbers of psychophysical 
trials (for research on human infants), and because an 
infant's relatively high or low sensitivity at one frequency 
predicts ensitivity at nearby frequencies ( ee below), such 
bumps in individual CSFs were probably not attributable 
exclusively to measurement error. 
Log contrast sensitivities. The three correlation 
matrices (one for each age group) in Table 2 were 
computed from sets of data that listed log contrast 
sensitivity for n---5, 7 or 9 spatial frequencies, each 
recorded for s = 25 infants. At each of the three ages, 
variables that were close in spatial frequency tended to 
correlate more highly and positively than those that were 
farther apart. In other words, an individual's relatively 
high or low log sensitivity at a test frequency (relative to 
the group mean) predicted performance at nearby 
frequencies only. Although this pattern was evident at all 
three ages, the correlations for variables at and below 1.08 
c/deg tended to become increasingly uniform and high 
(i.e. more equicorrelational) with age. For example, the 
correlation between 0.27 and 1.08 c/deg changed with age 
from 0.23 (4 months) to 0.42 (6 months) and then to 0.52 
(8 months). There are some exceptions to the rule, e.g. the 
correlation between 1.08 and 0.54 c/deg went from 0.67 
at 4 months to 0.44 at 6 months to 0.35 at 8 months, and 
the correlation between 1.08 and 0.38 c/deg never 
becomes ignificant. 
The correlational structure from the 4-month-olds was 
not due purely to random variability or noise within the 
data; Bartlett's Z2 statistic (Gorsuch, 1983; Green, 1990) 
indicated that the correlation matrix differed significantly 
from a matrix of zero-correlations, Z2(10)=61.8, 
indicating that the pattern of correlations was not 
spurious. Similarly, the matrix from 6-month-olds was 
significant, Z2(21)=93.6, as was the matrix for 
8-month-olds, X2(36)= 129.5. 
Figures 7 and 8 may aid in the interpretation f Table 2. 
Figure 7 contains data from four infants. The data from 
these four infants of are of especially high quality in the 
sense that they look like prototypical CSFs. At each of the 
three ages (i.e. each of the three panels), the ranking of 
individuals at the lowest spatial frequency (0.27 c/deg) is 
maintained at nearby spatial frequencies, in the manner 
illustrated in the lower-right panel of Fig. 1 (e.g. the four 
contrast sensitivity scores at 0.27 c/deg predict or are 
correlated with the ranking of scores at 0.38 c/deg). In the 
data of 4-month-olds Fig. 7(c), the ranking of individuals 
at the lowest spatial frequency is stable up to 0.38 c/deg, 
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TABLE 2. Correlations (r) among spatial frequency variables (log contrast ensitivities for 25 4-, 6- and 8-month-olds) 
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Spatial frequency 
(c/deg) 0.2'7 0.38 0.54 0.76 1.08 1.53 2.16 3.06 
4 months 
0.38 0.72 
0.54 0.3'7 0.42 
0.76 0.20 0.24 
1.08 0.23 0.22 
6 months 
0.38 0.71 
0.54 0.62 0.60 
0.76 0.52 0.25 
1.08 0.42 0.26 
1.53 0.13 0.03 
2.16 -0.09 -0.05 
8 months 
0.38 0.79 
0.54 0.79 0.67 
0.76 0.48 0.42 
1.08 0.52 0.35 
1.53 0.15 0.04 
2.16 -0.06 -0.02 
3.06 0.09 0.11 
4.32 0.20 0.24 
0.76 
0.67 0.79 
0.47 
0.44 0.45 
0.32 0.79 0.45 
0.09 0.47 0.51 
0.44 
0.35 0.76 
0.41 0.33 0.38 
0.03 0.42 0.40 
0.04 0.37 0.51 
0.27 0.26 0.43 
0.60 
0.49 
0.50 0.72 
0.17 0.52 0.59 
whereas the ranking is stable up to 0.56 c/deg in the data 
for 8-month-olds. The key point is that individual 
differences at a particular spatial frequency are related to 
individual differences at neighboring but not distant 
spatial frequencies. 
Figure 8 shows factor loadings as a function of spatial 
frequency for each age. The loadings are from the two 
most significant factors (i.e. statistical sources of 
individual variability) obtained from three maximum- 
likelihood factor analyses (Gorsuch, 1983; Peterzell et al., 
1993). Factor analysis provides a statistical tool to extract 
"sources" of variability--it can compute "factors" that 
account for variability evident in the correlation matrix. 
The loadings describe the correlation between a variable 
in the data set (i.e. log sensitivities at 0.27 c/deg) and a 
factor's computed score for each individual. In other 
words, the panels of the figure relate the five to nine 
original variables to the: two factors that were derived 
from them. Of primary iraportance are: (i) the two factors 
at each age show spatial frequency tuning--their factor 
loadings vary systematically with spatial frequency; 
(ii) the two factors hift to higher spatial frequencies with 
age. 
Values obtained from curve fits to individual data. The 
correlation matrix in Table 3 was computed from a set of 
data that listed the parameters from curve fits (log peak 
frequency, log sensitivity at the peak, and log cutoff) for 
the 25 infants at all three ages. In terms of individual 
differences within age groups, note that for any single age 
group the three different parameters tended to be 
uncorrelated. For example, at 8 months the log peak (in 
log c/deg) and the log sensitivity at the peak were not 
significantly correlated, r(1,23)= -0.34. There is a mild 
tendency for spatial frequency at the peak and sensitivity 
at the peak to be inversely related. 
Individual differences across age groups 
Perhaps the most important between-group compari- 
sons have to do with whether ameasured variable (e.g. the 
cutoff) at one age is significantly related to the same 
measure at another age. In general, identical measures 
taken 2 months apart correlated more highly than those 
taken 4 months apart, as shown in Table 3. This is 
certainly true of the high-frequency cutoff; measures 
taken 4 months apart are not significantly correlated [e.g. 
the cutoff at 4 months correlates more highly with the 
cutoff at 6 months, r(1,23)= 0.47, than at 8 months, 
r(1,23) = 0.15]. The other two measures are fairly stable 
across all three ages (i.e. correlations between any two age 
groups are significant), though again, the highest 
correlations (r=0.73 for the peak spatial frequency, 
r= 0.78 for peak sensitivity) were obtained for measures 
taken 2 months apart, not 4 months apart. 
Statistical assumptions 
Because this study emphasizes individual differences 
and because we report a statistically significant yet small 
sex difference in mean contrast sensitivity, several 
assumptions that are often made during data analyses 
(Judd & McClelland, 1989) were examined closely and 
confirmed. First, the assumption that each of the 78 
distributions (see SDs in Figs 3-6) were normal was 
evaluated by Shapiro and Wilk's (1965) W statistic. 
These analyses revealed few violations of normality and 
in no case did the removal of possible outliers change 
the pattern of significant results. The fact that all 63 sets 
of SDs in Figs 3 and 4 are approximately the same 
(about 0.3 log units) supports a second oft-made 
assumption that all cells in the data set (i.e. log sensitivities 
for Age × Sex × Spatial Frequency) are ident&ally 
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distributed. There is no obvious systematic variation in 1 .0  
the SDs as a function of age, sex or spatial frequency, so 
the data display homogeneity of variance (or :'ho- 0 .8  
moscedasticity"); therefore, our use of log-transformed 0 .6  
contrast sensitivities was clearly appropriate. 
0.4 
MONTE CARLO SIMULATIONS OF VISUAL MODELS 0 .2  
0 
Methods - O . 2 
CSFs of 25 "simulated infants" were created for 
shifting and unshifting models using simulation pro- ~ 1 .0  
cedures described previously (Peterzell et al., 1993; 
Sekuler et al., 1984). The program used for the ~ 0 .8  
simulations i presented in Peterzell (1992, Appendix B), r'~ 0 .6  
and incorporates the essential components hown in 
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FIGURE 8. Factor loadings that relate two statistically significant 
factors to the 5, 7 or 9 original variables plotted as a function of spatial 
frequency. Results are for 4- (c), 6- (b) and 8-month-olds (a). At all three 
ages the first factor accounts for individual variability at low spatial 
frequencies and the second factor accounts for the higher spatial 
frequencies. Both factors shift rightward to slightly higher spatial 
frequencies with age. 
Fig. 1. Three data sets--one for each age--were simulated 
from the unshifting model. Three more were simulated 
from the shifting model. In the simulation of the 
unshifting model, six band-pass filters responded 
optimally to 0.8, 1.7, 2.8, 4, 8 and 16 c/deg. The filters are 
shown in Peterzell et al. (1993, Fig. 5) and are based on 
published parameters (Wilson & Gelb, 1984). 
Simulations of the shifting model used the same filters 
as the unshifting model but their tuning functions were 
shifted to lower spatial frequencies, following Peterzell 
et al. (1993). At 4 months, the six filters were tuned to 0.36, 
0.77, 1.26, 1.8, 3.6 and 7.2 c/deg, or 45% of their 
frequencies in the unshifting model. At 6 months, they 
responded optimally to 0.44, 0.93, 1.54, 2.2, 4.4 and 8.8 
c/deg, or 55% of the unshifting model. At 8 months, they 
responded optimally to 0.51, 1.09, 1.79, 2.56, 5.12 and 
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TABLE 3. Correlations (r) among parameters from CSF curve fits for 25 4-, 6- and 8-month-olds 
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Parameter 
and 
age 
(months) 
Peak (log c/deg) Peak sensitivity (log S) Cutoff (log c/deg) 
4. 6 8 4 6 8 4 6 
Peak 
6 0.73 
8 OA4 0.44 
Peak S 
4 -0.23 -0.30 -0.16 
6 -0.37 -0.43 -0.33 
8 -0.25 -0.41 -0.34 
Cutoff 
4 0.33 0.16 0.19 
6 0.15 0.08 0142 
8 0.11 0.19 0.04 
0.52 
0.55 0.78 
-0.08 -0.09 0.08 
-0.04 -0.25 0.00 
-0.10 -0.08 0.02 
0.47 
0.15 0.52 
10.24 c/deg, or 64% of the unshifting model. The 
age-related shifts from adult values seemed reasonable 
because anatomical data (Fig. 9) show that foveal cone 
spacing decreases during development; the spacing in the 
mature visual system is just under half that of the 
4-month-old (Wilson, 1988; Yuodelis & Hendrickson, 
1986). To estimate the percentages reported above, we 
took the 5-yr (60-month) point to represent a mature 
visual system. [Our modeling of cone migration during 
development was necessarily somewhat unsatisfying in
that it was based on very sparse data, as shown in Fig. 9 
(four eyes, including one per age). Also, there is certainly 
variability at each age---the foveal cone density in four 
adult eyes has been reported to vary by a factor of 3.3, 
which translates into a factor of 1.8 in adult cone spacing 
(Curcio, Sloan, Packer, Hendrickson & Kalina, 1987), so 
it is likely that a similar or greater range occurs in infants.] 
Prior to the simulations, the peak sensitivities of each of 
a model's six pre-specified filters were fit to group- 
averaged CSFs in Fig. 3. This was done by scaling 
the filters up or down in sensitivity to fit the 
group-averaged CSFs. The procedure shall be described 
at the end of this section for reasons that shall 
become obvious. It is important to keep in mind that 
the peaks of the pre-specified filters were first adjusted 
to fit the group-averaged CSFs and then used in 
simulations. 
The first step in each simulation was to cause the peak 
log contrast sensitivities of each of the six filters to vary 
randomly and independently among 25 simulated infants. 
The variability in the peak of any filter was characterized 
by a normal distribution. Step 2 was to compute the CSF 
of each of the six pre-specified filters for each simulated 
infant. Step 3 combined the six filters of variable 
sensitivity by probability summation to create aCSF for 
each simulated infant at each age. Step 4 modified each 
simulated infant's CSF by adding to each of the 5-9 log 
sensitivities an additional variable with zero mean and 
0.05 lOgl0 SD, simulating random temporal fluctuations in 
sensitivity as well as measurement error. 
10_  
C 
. .m 
I- 
(9 
z 
m m  
0 1 < 
13.. 
60  
ILl  
Z 
O - 
(.) 
0.1 
0.1 
' ' ' ' " " I  ' ' ' ' " " I  ' ' ' ' " " I  ' ' ' ' "  
I I I i l l l i ]  I I I l l l l l l  I I I I I I I I [  I I I I 
1 10 100 
AGE (months) 
I I 
1000 
FIGURE 9. Mean foveal cone spacing as a function of age (O), based on anatomical data (Wilson, 1988; values modified from 
Yuodelis & Hendrickson, 1986). Cone spacings at 4-, 6- and 8-months of age (A, • and • respectively) were interpolated based 
on the line through these data and were used in the shifting model of infant spatial analyzers. See text for details. 
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Steps 1-3 used the following equations: 
log(P~) = GRAN( /~ i ,SD i  
S~(og) = P~F/(Og) 
) 1/4 
highly with the group-averaged CSF was determined and 
the peak sensitivity values for the six filters were used in 
(2) ensuing simulations. Fits in all cases appeared to perfectly 
(3) match the group-averaged CSF, except hat frequencies 
below the peak of the lowest analyzer were underesti- 
mated. The underestimation at 0.27 c/deg was slight 
(4) (< 0.15 log units) for shifting filters but was higher (as 
much as 0.35 log units) for the unshifting filters. 
Pa in equation (2) is the contrast sensitivity at the peak of 
pre-specified filter i for infant j. GRAN is a Gaussian 
random number with mean #i and standard deviation SDi. 
The means (/a~) were set to the peak sensitivities of the six 
pre-specified filters. The standard eviations (SDi) were 
set to 0.3 log units because the SDs in Fig. 3 were all near 
this value. Equation (3) computed the sensitivity (Saw) of 
the ith pre-specified filter to spatial frequency, ¢o, where 
Fj is a published tuning function that is the difference of 
two or three Gaussians (Wilson & Gelb, 1984). Values of 
S~(o9) were computed for the same 5, 7 or 9 spatial 
frequencies used to measure contrast sensitivity in 4-, 6- 
or 8-month-old infants. Equation (4) computed Sj(og), the 
simulated sensitivity of infant j to the test spatial 
frequency o9. 
Prior to the simulations, the peak sensitivities of each 
of a model's six pre-specified filters were fit to 
group-averaged CSFs in Fig. 3 by scaling the filters up or 
down in sensitivity to fit the group-averaged CSFs. The 
fitting procedure proceeded in four steps for each model 
at each age. First, as a first approximation, the peak 
sensitivities of the six filters were adjusted (by eye) to 
provide what seemed to be a reasonable fit to the CSFs. 
Second, these peak sensitivity values were installed in the 
simulation program described above. Third, the 
simulation program was used to create 10,000 simulated 
CSFs. Fourth, the simulated CSF that correlated most 
Results of simulations 
Analyses identical to those performed on the empirical 
data were performed on the two simulated data sets using 
identical statistical criteria. Table 4 shows for the 
unshifting model the correlations that were computed 
from the simulations of the unshifting model. Table 5 
shows the correlations for the shifting model. Figure 10 
shows the factor loadings that were obtained from factor 
analyses of the two sets of data. 
If one compares the correlations from simulations to 
the correlations from empirical data (Table 2) it is 
immediately apparent that the results from the unshifting 
model (Table 4) did not closely resemble the results from 
empirical data. For spatial frequencies atand below 1.08 
c/deg the correlations among variables at all three ages 
were uniformly high. Table 5 shows that the shifting 
model was more successful. As in Table 2, variables close 
in spatial frequency were more highly correlated than 
those that were farther apart at all three ages, with a 
tendency toward equicorrelational structure below 1.08 
c/deg emerging with age. 
The 67 correlations for the unshifting model in Table 4 
were significantly correlated with the correlations in 
Table 2, r(1,65) = 0.45, where rwas computed for Z-scores 
of the correlations (excluding diagonals). The 67 
TABLE 4. Correlations (r) among spatial frequency variables (simulated log contrast sensitivities for 25 4-, 6- and 8-month-olds), 
based on simulations of unshifting analyzers 
Spatial frequency 
(c/deg) 0.27 0.38 0.54 0.76 1.08 1.53 2.16 3.06 
4 months 
0.38 0.81 
0.54 0.77 0.79 
0.76 0.79 0.82 0.80 
1.08 0.77 0.79 0.75 0.78 
6 months 
0.38 0.81 
0.54 0.77 0.79 
0.76 0.79 0.82 0.80 
1.08 0.75 0.78 0.75 0.76 
1.53 0.68 0.71 0.71 0.70 
2.16 0.41 0.46 0.46 0.46 
8 months 
0.38 0.81 
0.54 0.77 0.79 
0.76 0.78 0.81 0.80 
1.08 0.74 0.76 0.73 0.75 
1.53 0.61 0.65 0.66 0.65 
2.16 0.28 0.34 0.35 0.36 
3.06 0.02 0.08 0.06 0.08 
4.32 -0.03 0.00 0.00 -0.01 
0.72 
0.51 0.67 
0.69 
0.43 0.64 
0.15 0.33 0.60 
0.06 0.23 0.46 0.68 
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Spatial frequency 
(c/deg) 0.27 0.38 0.54 0.76 1.08 1.53 2.16 3.06 
4 months 
0.38 0.79 
0.54 0.159 0.74 
0.76 0.55 0.64 0.70 
1.08 0.123 0.31 0.40 0.59 
6 months 
0.38 0?30 
0.54 0.'73 0.76 
0.76 0.67 0.72 0.74 
1.08 0.41 0.47 0.50 0.60 
1.53 0.1)3 0.11 0.14 0.28 
2.16 -0.08 -0.00 -0.01 0.14 
8 months 
0.38 0.80 
0.54 0.'74 0.71 
0.76 0.'71 0.76 0.76 
1.08 0.52 0.57 0.58 0.64 
1.53 0.14 0.22 0.26 0.36 
2.16 -0.05 -0.02 0.02 0.15 
3.06 0.06 0.11 0.08 0.21 
4.32 0.06 0.06 0.05 0.12 
0.55 
0.40 0.74 
0.58 
0.38 0.70 
0.34 0.50 0.60 
0.21 0.26 0.28 0.55 
correlations for the shifting model, however, were more 
highly correlated with the correlations in Table 2, 
r(1,65) = 0.77. When the 67 correlations for the unshifting 
model were included in a regression analysis, the 67 
correlations for the shifting model could account for a 
significant amount of the remaining variance (i.e. 
as measured by a squared partial correlation), 
r2(1,64)=0.54. The opposite was not also true; the 
unshifting correlations did not account for a significant 
unique amount of variance. 
If one compares the factor loadings from simulations 
(Fig. 10) to the loadings from empirical data (Fig. 8), it 
is again apparent hat the results from the unshifting 
model (left column) did not closely resemble the results 
from empirical data. At all three ages a single, unshifting 
factor (in Fig. 10) accounts for nearly all variability below 
1.08 c/deg. In fact, it was not possible to extract a second 
significant factor from the unshifting model's simulated 
data for 4-month-olds. The loadings from simulations of 
the shifting model (right column), however, closely 
resemble the loadings from empirical data; they shift to 
higher frequencies with age. 
GENERAL DISCUSSION 
Normal infants, when matched for age, reveal 
substantial individual differences in their estimated 
contrast sensitivity functions. One might reasonably 
expect hat measurement errors cause the variability in 
these estimates. However, systematic variability--which 
cannot be attributed to measurement errors---exists in
infants' CSFs. Individual differences in contrast sensi- 
tivity remain stable enough across limited ranges of 
spatial frequencies to cause contrast sensitivity estimates 
for neighboring spatial frequencies to correlate more 
highly than distant frequencies. The systematic variability 
is consistent with a model that postulates that at least 
some individual differences inCSFs result from individual 
variability in the sensitivities of pattern analyzers that 
underlie the CSF (i.e. a model that incorporates the 
essential components ofFig. 1). Moreover, the systematic 
variability is consistent with a model that shifts spatial 
analyzers to higher frequencies during development a a 
rate that coincides with cone migration (or "cone-pack- 
ing") that occurs during infancy. Hence, we believe that 
the present study demonstrates that individual differences 
in CSFs provide clues to underlying pattern analyzers. We 
now address the four questions that were posed in the 
introduction, and elaborate upon our results and model 
of individual differences. 
Mean CSFS of 4-, 6- and 8-month-old humans 
The mean, or representative CSFs at the three ages 
tested were described on log coordinates by a band-pass 
function (Fig. 3). With development, the group-averaged 
CSF increased in overall sensitivity to contrast, shifted its 
peak toward slightly higher spatial frequencies, and 
increased its high frequency cutoff (Figs 3-5). These main 
results are generally consistent with previous behavioral 
studies of the development of contrast sensitivity. They 
enhance our limited knowledge about development of the 
CSF, as measured behaviorally inhumans, between 4 and 
8 months of age. 
There are some discrepancies, perhaps not serious, 
between the data presented here and other data from 
FPL studies. Overall sensitivity in the present study 
was lower than expected based on early behavioral 
studies of infant contrast sensitivity (Atkinson, 
Braddick & Moar, 1977, Banks & Salapatek, 1981) but 
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model resembles that of the empirical data (Fig. 8). 
are consistent with two recent studies (Peterzell et al., 
1993; Swanson & Birch, 1990). Sensitivity may have been 
reduced in the more recent studies because of 
methodological differences, as discussed by Peterzell et al. 
(1993). (i) These studies used Gaussian tapers and 
temporal ramps, thereby minimizing the effects of sharp 
edges in the stimulus. (ii) They may have produced 
uncertainty in infants by randomly presenting different 
spatial or temporal frequencies within a block of trials. 
(iii) Peterzell et al. (1993) based thresholds on over 50 
trials per point; thresholds computed from fewer trials 
may overestimate rue sensitivity. (iv) The more recent 
studies used lower mean luminances than the earlier 
studies. Perhaps other variables (e.g. smaller stimuli in the 
more recent studies) contributed to discrepancies. The 
above explanations may in part explain the discrepancies 
between grating acuity estimates in our study and those 
of other studies hown in Fig. 5(c) (Allen, 1978, in Banks 
& Dannemiller, 1987; Gwiazda, Brill, Mohindra & Held, 
1980). 
Not surprisingly, the mean sensitivities in Fig. 3 are low 
relative to those obtained from VEP studies. It may be 
misleading to make comparisons between measures of 
mean sensitivity obtained with static gratings in the 
present study and VEP measures of sensitivity obtained 
by using different experimental equipment and time- 
varying stimuli (Banks & Dannemiller, 1987; Dobson & 
Teller, 1978). Some have suggested that cautious 
comparisons between FPL and VEP data are reasonable 
and worthwhile if the stimuli and conditions of 
presentation are similar (Atkinson & Braddick, 1989). If 
one chooses, despite the many caveats, to compare the 
data from this experiment toVEP data, one will find that 
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the sensitivities reported here are substantially ower than 
those obtained with VEPs. 
Sex differences 
At the three ages tested the CSFs of male and female 
infants (Fig. 4) did not differ significantly in their peaks 
(in log c/deg) or in their high frequency cutoffs (in log 
c/deg). Log sensitivity at the CSF peak was significantly 
higher for female than male infants at 6 months (Figs 4 
and 6). Several analyses howed that this difference was 
not attributable to outliers. 
Some FPL studies suggest hat female infants show 
more rapid visual development than male infants between 
4 and 6 months of age. Differences have been found for 
vernier acuity, age of onset in stereopsis, and age of onset 
in binocular ivalry (Gwiazda et al., 1989; Held, 1989). 
Each of these differences disappears by 8 months of age. 
Differences in performance are not found for grating 
acuity, consistent with the present result regarding the 
high frequency cutoff. The results at 4 months replicate 
our earlier study of contrast sensitivity of 20 male and 20 
female infants at 4 months of age (Peterzell et al., 
1993--the present study ils based on an different sample 
of infants); sex differences were not found in either study. 
It is possible that sex differences in visual performance 
are an epiphenomenon caused by something other than 
sex differences in infants' visual systems. Not all 
researchers find sex differences in vernier acuity 
(Skoczenski & Aslin, 1992; Skoczenski, personal 
communication). Howew:r, the failure to find differences 
in performance b tween female and male infants in some 
but not all visual tasks may show that nonvisual factors 
(e.g. attention) cannot ac~zount for gender-related results 
(Gwiazda et al., 1989; Held, 1989). Gwiazda, Held and 
colleagues (Held, 1989; Gwiazda et al., 1989) suggest that 
(i) a surge in testosterone in male infants at about 3 
months of age may be responsible for slow development 
in males, and (ii) the differences eem to be dependent 
upon cortical factors. The finding that females have 
higher vernier acuity between three and 6 months of age 
(Held, 1989) and the present finding of a sex difference for 
contrast sensitivity may indicate that some of the same 
analyzers mediate the two phenomena. The conclusion is
offered tentatively: if the analyzers underlying CSFs and 
vernier acuity are identical, then why do 4-month-old 
male and female infants core differently on measures of 
vernier acuity but have identical CSFs? It is possible that 
subtle differences incontrast sensitivity may be related to 
large and more easily measured ifferences in vernier 
acuity. It is also worth remembering that we compare our 
results to those from other studies, labs, experimental 
conditions and individual:s, and in this light it is intriguing 
that the small sex differences in mean contrast sensitivity 
occur at approximately the same time as other sex 
differences in vision. 
Individual differences within age groups 
Correlations and standard factor-analytic statistics 
reveal systematic variabihty within the CSFs of 1-, 2-, 3-, 
4-, 6- and 8-month-olds (Table 2; Peterzell et al., 
1991, 1993). At each age, variables close in spatial 
frequency correlate more highly than those that are 
farther apart, though correlations below about 1 c/deg 
tend to become increasingly equicorrelational with age. 
Factor analyses of these data yield factor loadings that 
vary systematically with spatial frequency and that shift 
to higher spatial frequencies with age (Fig. 8; Peterzell 
et al., 1993). 
This correlational structure (and the aforementioned 
bumps in individual CSFs) may reflect individual 
differences in spatial analyzers, as noted earlier. Most 
notably, the empirical results agree substantively with 
predictions that were generated from simulations of 
Wilson's (1988) shifting model of infant spatial analyzers 
but not with an unshifting model of the development of
spatial analyzers. As noted in our earlier work, we believe: 
(i) our results are consistent with the general hypothesis 
that spatial analyzers shift to higher frequencies with age 
(as first suggested by Brown, Dobson & Maier, 1987); we 
could have used the general hypothesis to make 
predictions about correlational structure even if a specific 
shifting model (Wilson, 1988) had not existed. (ii) Our 
results enable us not only to reject he specific unshifting 
model tested as an explanation of individual differences, 
but also to reject a general class of possible unshifting 
models. 
In our earlier work, our conclusions about individual 
differences were offered with five caveats. (i) We assumed 
that adults' CSFs contain only one source of variability 
below 1 c/deg because the lowest symmetrically-tuned 
foveal spatial analyzer occurs at about 1 c/deg in adults, 
as discussed previously. (ii) We could not be certain if the 
tuning shifts that we described could be attributable to 
decreases in cone spacing with age; it is possible that 
infants' parafoveal receptors are more sensitive to 
gratings than receptors inthe fovea or that the fovea does 
not guide infants' fixations. (iii) The systematic individual 
variability uncovered in CSFs may reflect something 
other than spatial analyzers that are sensitive to narrow 
ranges of spatial frequency. (iv) The data do not rule out 
the possibility that analyzers are tuned to a continuum of 
spatial frequencies rather than to six distinct bands of 
spatial frequency. (v) Our analyses can confirm or 
disconfirm that certain models are consistent with the 
data but they do not preclude still other explanations or
models. 
The results of the present experiment make some of the 
caveats less problematic. Regarding the first caveat, it 
seems likely that data from adults will have equicorrela- 
tional structure below 1 c/deg. With development, 
patterns of individual differences become more like the 
pattern assumed to exist for adults; there is a tendency to 
change toward equicorrelational structure from 4 to 8 
months of age. Regarding the second caveat, it appears 
that the changes in individual differences are well 
predicted by a shifting model that incorporates changes 
in cone spacing (Wilson, 1988). Although this does not 
rule out the other alternatives, the correspondence 
between predictions and data seem unlikely to be due to 
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chance. With respect o the third caveat, one class of 
alternative explanations based on individual differences 
in the development of lateral inhibition is less plausible 
because such development seems to be complete by 6 
months of age (Movshon & Kiorpes, 1988; Wilson, 1988). 
Individual differences across age groups 
In general, measures taken 2 months apart correlated 
more highly than those taken 4 months apart (Table 3). 
This is a common occurrence in longitudinal data; as a 
group of individuals develops, individuals often regress 
toward the mean along some measurable dimension, 
which causes "simplex" correlational structure (Kenny & 
Campbell, 1989). This may preclude using one's 
performance on the CSF at one age to predict 
performance ata much later age. Still, some individual 
differences were stable over time; individual differences in 
peak contrast sensitivity were significantly correlated 
across all ages, as were individual differences in the log 
spatial frequency at which peak contrast sensitivity 
occurred. It is possible that these individual differences 
remain stable for longer periods or even into adulthood, 
though a more extensive longitudinal study than the 
present one is needed to address this issue. 
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